ABSTRACT: Records from 7,200 separate closed herds with either 12 or 25 sows that were mated to either four or eight boars per year were simulated by computer. Effects of selection method, herd size, and contemporary group variability on average genetic change, genetic variance, and inbreeding over 10 yr of selection were analyzed for traits with heritabilities of .1, 3, and .6. Selection of replacement animals was on individual phenotype or BLUP of breeding value using a reduced animal model. For both of these selection methods, two culling schemes were imposed: 1) based only on involuntary culling because of losses due to conception rate and age and 21 when a n available replacement animal was projected to be superior to an existing breeding animal in the herd in addition to the involuntary culling. The contemporary group standard deviation was set at either .I or .5 of a phenotypic standard deviation. Selection with BLUP gave 72, 36, and 12% more genetic improvement for heritabilities of .1, .3, and .6, respectively, than selection on individual phenotype after 10 yr. However, inbreeding increased 20 to 52% more rapidly and there was a decrease in genetic variance. Culling based on Scheme 2 increased genetic improvement over Scheme 1 by about 75% with coincident increases in inbreeding level and decreases in genetic variance. The largest changes in inbreeding and genetic variance were associated with culling on BLUP. Culling when a superior animal was available with individual phenotype had little effect on inbreeding and genetic variance. Use of four boars rather than eight boars and 25 rather than 12 sows per herd increased genetic response. Use of four boars also increased inbreeding and deceased genetic variance. Genetic variance was higher in herds with 25 sows, but the size of the sow herd had little effect on inbreeding. Contemporary group variation influenced only the genetic response of individual phenotypic selection with culling.
Introduction
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Received June 19, 1991. Accepted March 21, 1992. J. Anim. Sci. 1992 Sci. . 70:2338 Sci. -2348 or days to market weight, and a measure of carcass composition (usually ultrasound backfat thickness measurements) and may also include a measure of sow productivity. The newer genetic evaluation programs are based on BLUP techniques, in contrast to simple evaluation of the phenotype of the candidate for selection. Theoretically, for large populations in which selection is practiced across management units and time, BLUP is most efficient. However, innovative purebred breeders and researchers with experimental swine herds may be interested in traits not measured by available evaluation programs and conduct selection for these traits in small, closed herds. Accumulation of inbreeding can be of concern in small, closed populations. There are two questions that need to be answered for these herds: 11 What is the best selection procedure? and 2) How many sires should be used to obtain maximum genetic improvement while keeping inbreeding a t an acceptable level? (Quinton et al., 1992) . Belonsky and Kennedy (19881, by use of simulation, have shown that culling on estimated breeding values along with the use of BLUP of breeding values resulted in more genetic improvement than selection on phenotype with and without this type of culling in 100-sow herds. However, in the Ontario swine testing program, the average numbers of sows per herd with tested progeny per year are 10.6, 15.8, 22 .3, and 30.1 for the Hampshire, Duroc, Landrace, and Yorkshire breeds, respectively. Because many breeder herds are considerably smaller than 100 sows, the objective of the present study was to determine whether culling on estimated breeding value and BLUP estimation of breeding values were superior to phenotypic selection in closed sow herds of 12 or 25 cows mated to four or eight boars with two levels of variability in contemporary group effects.
Materials and Methods
Simulation. Ten years of selection in 7, 200 s e p a rate herds were simulated. Simulation of the data followed the procedures of Belonsky and Kennedy (1 9881, which was to represent "typical" Canadian purebred breeder herds. Age at first breeding for selected gilts was 235 k 25 d and for boars was 210 d. Gestation length was 114 d and litter size was 9 for gilts and 10 for sows. Sows in the breeding herd were culled after their fifth litter or when they did not conceive after two consecutive breeding cycles. Boars were culled after reaching 3 yr of age along with random loss of one additional boar each year. These maximum age levels portray industry generation intervals (Kennedy et al., 1986) . Probabilities of survival from birth to measurement age, a replacement boar's being fertile, and conception rate in a single mating were .9, .9, and .85, respectively.
An infinitesimal additive genetic model (Bulmer, 1980) was assumed. Genotypic values (GV) for the base population of animals were sampled from a normal distribution with mean equal to zero and variance equal to .1, .3, or .6 according to GV = + v*og, where v is a random normal deviate (ISML, 1981) . Parities of the base population sows were randomly assigned from a uniform distribution (ISML, 1981) from 0 to 5, and comparable designations for ages of base population boars were from 0 to 3 yr.
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Sows and boars were mated at random, with the exception that full-sib and parent-offspring matings were avoided. Simulation of progeny genotypic values were according to GV, = p + .5GV, + F, and Fd are the inbreeding coefficients of the sire and dam, respectively. The parts of the equations involving v, and Vd represent Mendelian sampling of gametes from the sire or dam, where v, and Vd are uncorrelated standard normal random deviates.
Phenotypic values (PV) were simulated as PV = t + GV + vo,, where t is a fixed contemporary group effect for the 3-mo time period in which the record was made and 0, is the environmental standard deviation. For all simulations, the underlying within-contemporarygroup phenotypic variance was 1.0. Contemporary-group constants were simulated from a normal distribution with mean of zero and a standard deviation of .1 or .5.
Progeny were assigned a generation number one greater than the average of their parents' generation numbers. When fractions of a generation were encountered, because of overlapping generation intervals, the generation number was rounded up to the next whole generation.
Selection. Replacement animals were selected at 28-d intervals from among the animals available during the previous 28-d period. Selection was either at random (RAND), on individual phenotypic performance (IND), or on BLUP of breeding value under a n involuntary culling scheme due to conception rate and age. Truncation selection was practiced for IND and BLUP selection.
A second culling scheme was imposed in addition to the involuntary culling. With this scheme, existing breeding animals were culled from the herd and replaced with available young breeding stock that were "expected" to be superior for individual phenotype, which was not deviated from contemporary group average (IND-CULL) or BLUP estimates of breeding value (BLUP-CULL). Selection was across contemporary groups when a n older animal already in the breeding herd was culled in favor of a superior, younger replacement animal. The BLUP evaluations were based on a reduced animal model (Quaas and Pollak, 1980; Hudson and Kennedy, 1985) Tables 1 through 3 give the average genetic merit, remaining genetic variance, and inbreeding coefficients of the populations a t the end of 10 yr for each selection method, herd size, and contemporary group standard deviation. The individual df tests of hypotheses are in Tables 4 through 6.
Results and Discussion
Selection Method. As expected, selection was effective. Average genetic improvement after 10 yr was .456, 1.198, and 2.250 phenotypic standard deviations (PSD) for heritabilities of . l , .3, and .6, respectively ( Table 4) . These responses were about one-half of those observed by Belonsky and Kennedy (1988) using the same herd age limits and survival and fertility rates as in the present study. They were lower partly because of the lower selection intensities resulting from smaller herd sizes in the present study. Associated with these changes were decreases in genetic variance (Table  5 ) and a n increase of > .04 in the inbreeding coefficient (Table 6 ). (a 20 to 52% increase) and genetic variances were decreased. Similarly, culling of breeding animals when a n expected superior prospective replacement was available gave a n additional response of .251, .638, and 1.239 PSD for heritabilities of .l, .3, and .6, respectively (Contrast 3). This is equivalent to 77, 73, and 77% additional improvement from culling relative to not culling on the availability of expected superior replacement animals.
This additional improvement is due in part to the shorter generation intervals of the herds using culling. Randomly selected herds averaged, across all herd sizes and contemporary group standard deviations, 2.0 yr per generation, similar to those found with individual selection and BLUP selection without culling. In herds using culling with individual selection, generation intervals averaged 1.8 to 1.9 yr, depending on the heritability. In herds that used BLUP with culling, generation intervals averaged 1.7 to 1.8 yr. In addition to the shorter generation interval contributing to additional genetic gain as a result of culling, further genetic gain is realized with culling because superior animals are used in the herd when they are estimated to be superior. The BLUP and individual selection methods without culling take the best available replacement only when a replacement animal is needed and animals superior to the existing breeding herd can be passed over if a replacement is not needed at that time. With culling, however, superior animals are not bypassed when they are estimated to be superior.
The advantages from selection on BLUP and culling in these 12-and 25-SOW herds were in the same direction as those found by Belonsky and Kennedy (1988) for 100-sow herds but were of lesser magnitude. Culling, however, resulted in a n additional 5% loss in genetic variance, as a proportion of the base genetic variance, compared to not culling. Also, there was an increase in average inbreeding of .048 to .058. Culling based on either individual phenotype or BLUP estimates gives substantial improvements regardless of the heritability but will also result in increased inbreeding and loss in genetic variance. Some form of reasonable culling based on estimated breeding value should be a recommended practice rather than culling on the basis of some prearranged age and level of reproductive performance criteria that are not related to the breeding value estimates of the animals. This will turn over generations more rapidly and incorporate in the breeding herd culling (Contrast 4). Increases in genetic merit and superior replacements whenever they are availinbreeding coefficient and the decreases in genetic able.
variance between BLUP with culling and BLUP There was a n interaction between BLUP and without culling were larger than those between individual phenotypic selection by culling and no culling on individual phenotype and not culling on response to index selection on individual performance. The additional gains expected due to increased selection intensity by keeping fewer boars was partially offset by losses in genetic variance due to increased inbreeding. In the present study, using fewer boars in the herd also resulted in an additional 5 to 7% reduction in genetic variance, as a proportion of the original genetic variance, and a .09 increase in inbreeding level for all three heritabilities. Using 25-rather than 12-sow herds had a significant effect on genetic improvement but little effect on inbreeding level. Belonsky and Kennedy (1988) used four boars with 100 sows and found greater selection responses than in the present study, which used 12 or 25 sows, but levels of inbreeding differed little from those in the present study. The 25-SOW herd size gave greater selection response than 12-sow herds largely because of greater selection intensities, mostly through the males, because more animals were available for selection in a contemporary group. There was little effect on inbreeding level and only a small increase in genetic variance.
Interactions between the number of boars used in the herd and the number of sows in the herd were evident (Contrast 71 at heritabilities of .3 and .6, but not at .l. The difference in genetic merit between sow herd sizes of 25 and 12 was greater when only four boars per year were used compared to the difference between the sow herd sizes when eight boars per year were used. The reduction in genetic variance (for traits with h2 = .6) in herds with 25 sows compared to herds with 12 sows mated to four boars was greater than the difference when eight boars were used in the herd. the contemporary group standard deviation increased from .I to .5 only with heritability equal to .e. Inbreeding coefficients were not influenced significantly by the change in contemporary group standard deviation. Responses from selection on BLUP estimation of breeding values with or without culling were equivalent for both contemporary group standard deviations, which shows that BLUP accounts effectively for contemporary group variation (Henderson, 1973) .
Interactions. Method of selection, herd size, and contemporary group standard deviation interacted for a number of contrasts. Two of the largest interactions for genetic gain, genetic variance, and inbreeding level involved selection lines. Contrast 13 involved the interaction of BLUP vs individual selection x 25 cows vs 12 sows. Average genetic values after 10 yr of selection indicated that BLUP 
-.OO l6NS
~_ _ _ _ _ _ _ _ _ *NS = not significant. *P < .05. **P < .01. ***P < ,001. tP < .lo. methodology was able to take advantage of the larger amount of information on relatives for estimating breeding values generated in herds of 25 sows compared with herds with 12 sows. With individual phenotypic selection, which does not take into consideration family information, additional animals produced in the herd do not contribute to the accuracy of the selection and, therefore, the response to selection. A similar result was found by Rohe et al. (19901, who showed that the animal model gave relatively higher accuracies of selection than did index selection in herds of 180 sows compared with herds with 120 sows.
Contrast 15 involved the interaction of culling vs no culling x 4 vs 8 boars. The effect of culling compared with not culling is greater when four rather than eight boars are used in the herd each year. This greater genetic improvement was accompanied by a reduction in the genetic variance and a n increase in the level of inbreeding.
Interactions between selection method and contemporary group standard deviation were associated almost exclusively with culling with individual phenotypic selection on traits with heritabilities of .3 and .6. Genetic improvement was less effective at these heritabilities with individual phenotypic selection with culling when the contemporary group standard deviation was increased. None of the other selection methods was affected by the increase in contemporary group standard deviation. At heritability of .l, the inaccuracy of individual phenotypic selection was not significantly affected by a n increase in the contemporary group standard deviation. Interactions between herd size and contemporary group If traits such as litter size and survival rate, although not selected for directly, are negatively affected by the increases in inbreeding level, then the number of progeny produced and the selection intensities may be reduced for those selection methods that increase inbreeding to a greater extent, leading to reduced response. This has been shown to be the case by DeRoo (1988a1 when correction for inbreeding depression was not made. This outcome, therefore, may lead to less superiority of BLUP and culling on estimated breeding value over individual phenotypic selection and not culling than the present results would suggest. Similarly, the conflict between increased response associated with using fewer boars in these small herds and the dramatic increase in inbreeding needs to be considered by breeders with small numbers of sows in a continuous farrowing system. If the breeder plans to keep the herd closed for more than 10 yr, alternative strategies may be needed. Avoidance of inbreeding, or using more boars per year and deferring some short-term genetic merit to obtain longerterm gain are possible options. Another option is to include the fitness traits that are affected by inbreeding and the effects of inbreeding depression in the selection criterion. DeRoo (1988~1 showed that avoidance of mating of relatives resulted in lower responses than when mating of relatives was not avoided over 25 yr of index selection in simulated herds. Which of these is superior in the long term is presently not known. An alternative to maintaining the herd closed is to open the herd to unrelated animals, which brings the inbreeding level back to zero but at a cost of losing some of the genetic response acquired if AND MASS SELECTION 2347 information on the traits of interest is not available on the outside animals.
Additional work needs to be conducted on the effectiveness of BLUP superiority in small, closed herds beyond the 10-yr period of time. Demfle (1990) indicated, in simulated populations of five full-sib families of eight males and eight females, that a selection index that optimally weighted family and individual performance, although superior to individual phenotypic selection for 5 to 10 generations, was not best a t the end of 20 and 40 generations. DeRoo (1 988bl concluded that as the time period included in the evaluation of a breeding scheme increased, the optimal number of boars used per year also needed to increase.
Decreasing the maximum ages of boars and sows in the herd may also influence the differences among the selection methods and herd sizes. Bichard et al. (1986) has indicated that boars should be kept for no more than 6 mo and sows for no more than two litters to optimize selection response per unit of time. The present study attempted to depict the existing purebred industry and not necessarily optimize the results, except for BLUP-CULL, which does maximize the response to selection, a t least over the short term. The results of Belonsky and Kennedy (1988) and those of this study showed that the effect of culling on estimated breeding values was to shorten the generation interval compared to the interval that would have occurred from not culling on estimated breeding value. Therefore, a breeding policy reducing the length of breeding life for boars and sows as given in the present study probably would reduce the magnitude, but not the ranking, of the selection and culling methods studied.
Batch farrowing (i.e., farrowing all 12 or 25 sows in one 28-d period twice per year) would give greater numbers of progeny from which to select and might also alter the size of the differences between the selection methods and herd sizes. One of the strengths of BLUP evaluation is that it effectively ties together small groups of related animals. With batch farrowing, fewer groups would need to be tied together, thereby reducing some of the advantage of BLUP. However, examination of Ontario Swine Improvement Program Provincial data shows that more than one-half the Duroc and Hampshire purebred breeders tested three or fewer litters per contemporary group, probably to meet the needs of their clientele.
Finally, interactions of selection method with and without culling and with different herd sizes were evident in this work. This suggests that rankings of and magnitude of differences between selection methods may be influenced by both herd sizes and structure. Each herd size and structure should be evaluated on a n individual basis to ascertain the relative effectiveness selection procedures given a policy length of life of breeding animals.
Implications
Computer simulations of closed of different decision on sow herds showed that 25-sow herds, best linear unbiased prediction of breeding values, and culling when an expected superior replacement animal was available gave greater selection response than 12-sow herds, phenotypic selection, and not culling when a superior replacement was available. Because response is greater in the larger sow herds, exchange of breeding stock among small breeders and selection of breeding stock on best linear unbiased prediction of breeding values allows small breeders to have effective population sizes and a powerful evaluation system similar to those of larger purebred breeders and breeding companies.
